Abstract-We carried out measurements of optical transmission through a Frequency Selective Surface (FSS) on a silicon substrate perforated periodically with square cavities of 1 mm 2 . The substrate is covered on one side with a thin film (1 µm thick) of silicon-nitride, thus forming a membrane for each cavity. The measurements were taken using a Martin-Puplett Interferometer over a spectral range from 100 to 650 GHz, providing a maximum transmission value of around 40% at 480 GHz. Analytical and computed results are also presented for comparison purposes.
INTRODUCTION
All thermal detectors used for astronomical observations in the ranges of mm and sub-millimeter waves, require to be characterized before being installed into a telescope. That implies the correct choice of additional elements to reduce their noise equivalent power and the use of filters to define their wave range of operation. Generally, there are three types of two-dimensional filters for these purposes: 1) a capacitive grid, composed by an arrangement of thin metallic geometries deposited periodically on a dielectric substrate, thus acting as low-pass filter. 2) An inductive mesh, the complement of the previous one, which acts as high-pass filter and can be composed by a wire screen. And 3) a resonant grid, composed by a periodic array of cross shaped holes which acts as a band-pass filter. These kinds of filters commonly called as Frequency Selective Surfaces (FSS), have been well described before in the literature [1, 2] . The FSS on periodically perforated substrates are also used to support large focal plane arrays of bolometers, some examples can be seen in [3, 4] , where such bolometers were built and deposited on silicon-nitride membranes suspended on micro-machined cavities into a silicon substrate.
In this paper we report measurements of optical transmission trough a FSS on a high resistivity silicon substrate perforated periodically with square cavities of 1 mm 2 , and covered on one side with a thin film (1 µm thick) of silicon-nitride, thus forming a membrane for each cavity. Analytical and computed results were experimentally verified by Fourier transform spectrometry using a Martin-Puplett Interferometer over a spectral range from 100 to 650 GHz. The spectral performance of this FSS presents a maximum transmission value around 40% at 480 GHz. The modeling was made using the commercial computer software (HFSS) based on the finite elements method. This kind of FSS has the advantage that can be used for several purposes for instance, as a band-pass filter as well as support for thermal detectors.
TRANSMISSION ANALYSIS
The theoretical analysis for the optical transmission through a periodically perforated substrate was made as follows.
Referring to Figure 1 (b), the signal I transmitted through the substrate results from two contributions: a) the interference signal, and b) the Fabry-Pérot effect.
The interference is produced due to the phase difference between the signals passing through the silicon substrate and the cavities respectively. Therefore
where S t = 1256 mm 2 , is the optical surface analyzed in the substrate, corresponding to a circular area of 40 mm of diameter, S p = 204 mm 2 is the total surface of the cavities, corresponding to the array presented in Figure 1 (a), i.e., 204 square cavities of 1 mm 2 each one, R = (
3, is the reflection coefficient of the silicon substrate with its optical index n = 3.45, and a phase delay ϕ = 2πf
c , where t = 270 µm is the thickness of the substrate, and f is the operation frequency in GHz.
b) The Fabry-Perót effect is due to the interference between a transmitted beam and the multiple reflections inside the substrate, therefore
with F =
4R
(1−R) 2 . According to design and technical characteristics of the MartinPuplett interferometer, we have
with f in GHz. The results of this analysis are plotted in Figure 4 , where the analytical spectrum was estimated by the product of Equations (1) and (2).
TRANSMISSION MODELING WITH HFSS
The transmission modeling was performed using a commercial finiteelement tool package (HFSS). The geometry was simulated for a single cavity with periodic boundary conditions, known as "master/slaves" in HFSS to truncate the infinite space to a finite volume. This permits the analysis of thick substrates perforated periodically with arbitrary geometries, reducing the structure to a single unit cell defined by electric and magnetic walls. The periodicity is applied by the algorithms to the adjacent walls of the structure thus forming an array of n × n elements as is shown in Figure 2 (a). For our purposes, we extended the simulation in a frequency range from 100 GHz to 650 GHz over a unit cell with surface of 4 mm 2 and a cavity of 1 mm 2 using the following parameters: a) substrate material: Silicon, b) thickness t = 270 µm, c) membrane only on one side: 1 µm thick of siliconnitride, d) relative permittivity ε = 11.9, e) loss tangent LT = 0.04, f) conductivity σ = 10 Siemens/m, g) refraction index n = 3.5, h) reflection coefficient R = 0.3, i) total surface S t = 4 mm 2 , and j) surface of cavity S p = 1 mm 2 . An incident electromagnetic wave elliptically polarized and perpendicular to the surface was used to excite the structure. Hence, the electric and magnetic fields were calculated throughout the simulation volume. This allowed for the viewing and analysis of fields strengths and directions at critical locations in the simulation space, particularly in the air gap of the cavity as is shown in Figure 2(b) . Here, one can appreciate the concentration of the electric field into the cavity, whereas the electric field strength turns to be symmetrically diminished into the substrate. That may be due to the material properties and 
TRANSMISSION MEASUREMENTS
The FSS was fabricated using a commercial silicon wafer of two inches (50.8 mm) of diameter with a chosen thickness of 270 µm to satisfy the Fabry-Pérot resonance condition [5] . The periodic micro-machining perforations and silicon-nitride deposition were realized with accurate standard microelectronics techniques.
The schematic setup for measuring the response of the FSS is shown in Figure 3 , where the operational principle of the MartinPuplett interferometer is based on two combined beams from two unpolarized radiation sources (blackbodies operating at 77 and 300 K, respectively). The beams are transmitted through the rotating polarizer, then divided in two partial beams by the beam splitter and flipped by the roof mirrors; hence the beam first transmitted at the beam splitter is now reflected and vice versa. The recombination of the beam will be elliptically polarized, depending on their path difference. After passing through the analyzer, one of the orthogonal components will be absorbed, whereas the second one will be transmitted and focused into the detector by a reflector mirror. The detector is a commercial 4.2 K bolometer in a Dewar, whose optics matches to the Martin-Puplett interferometer.
Three measurements were carried out to characterize the spectral response of the FSS following the methodology in [6] . In all cases, the FSS is at ambient temperature. The first measurement was realized by taking a data series of reference spectra with the FSS out of the beam, the second one, by taking a data series of reference spectra with the FSS in the beam, and the third one, with the FSS out of the beam. Both the first ant the third measurements are averaged, then we divided the FSS spectrum by the average of the reference spectra. The result is the absolute spectral response. These last results with the previous analytical and computed spectra are depicted in Figure 4 for comparison purposes.
In Figure 4 we can appreciate that simulation results obtained with HFSS do not match the measurements as well as we expected. It should be take into account that our model do not included the mechanical constrains for mounting and demounting the FSS, nor the optical losses caused by the physical setup with the Martin-Pupplet interferometer and the Dewar, however the stop-band frequency from 200 to 300 GHz and the maximum transmission value of around 40% at 480 GHz follow similar behavior as the measured and the analytical spectra, providing a good agreement.
CONCLUSION
In this paper we have presented the experimental verification of a FSS on a periodically perforated silicon substrate acting as pass-band filter. Around 40% of absolute optical transmission is achieved at 480 GHz using a square configuration of 204 cavities of 1 mm 2 . This kind of FSS can also be used to support large focal plane array of thermal detectors.
